INTRODUCTION
Improved knowledge of pore pressure distribution within a sedimentary basin gives short and long term benefits for hydrocarbon exploration and production. There is an immediate impact on drilling cost and safety, but also an improved understanding of key elements within the petroleum system, particularly expulsion and migration. The APCRC have initiated a research program to develop technologies that will aid prediction of pore pressure prior to drilling within Australian basins.
The Northern Carnarvon Basin is one of the study areas chosen for application of these technologies. An understanding of the factors affecting overpressure is necessary prior to applying geophysical or geological modelling techniques for pore pressure prediction. Due to a lack of published information regarding overpressure in the Northern Carnarvon Basin (Fig. 1) , a preliminary geological study was undertaken to describe overpressure occurrence together with an assessment of the likely mechanisms. A review of over 400 well completion reports was carried out to identify potentially overpressured wells. These became the subject of further detailed geological and petrophysical studies. As the study progressed, the focus narrowed to the vicinity of the Barrow Sub-basin where the greatest interest for the industry sponsors lay.
The geology of the Northern Carnarvon Basin is briefly discussed, previous work concerning overpressure is reviewed, and the distribution of overpressure, its influence on petrophysical properties and likely causes are examined. 
BARROW-DAMPIER GEOLOGY
The Barrow and Dampier Sub-basins are part of the Carnarvon Basin which is one of a series of extensional basins that form the North West Shelf (Fig. 1) . The main structural elements of the sub-basins are shown in Figures 1 and 2 and the lithostratigraphy is given in Figure 3 .
The age of sediments commonly encountered by drilling is Triassic to Recent. The Triassic sediments are predominantly fluvio-deltaic units which developed in the sag phase after earlier Permian rifting (Boote and Kirk, 1989) . As a result of Early Jurassic extension, differential subsidence occurred, centred on the Barrow and Dampier Sub-basins (Fig. 2 ). Extension and rift topography/bathymetry development (synrift I, Fig. 2 ) accelerated prior to the break up of the MVL landmass (Veevers, 1988) and formation of the Argo Abyssal Plain to the west in the Oxfordian (~156 Ma, Muller et al, 1998) . After a short post-rift phase, further extension occurred associated with the separation of the Australian and Indian plates culminating in the formation of the Cuvier and Gascoyne Abyssal Plains in the Valanginian (136 Ma; Muller et al, 1998) . The Barrow Group (Fig. 2) can be considered to be a synrift sequence (Boote and Kirk, 1989) associated with this extension.
The remainder of the Cretaceous sequence is a predominantly finer grained, deeper marine, passive margin sequence formed after break up. In the Tertiary, particularly post-Eocene, westerly prograding and aggrading carbonates became the dominant sediment (Fig. 3) .
The last tectonic event to affect the northern Carnarvon Basin is the Late Miocene collision between the Australian Plate and Timor. Overall structural shortening is minor, but there is some local structural reactivation (Keep et al, 1998) . A major increase in subsidence and sedimentation rate appears to have occurred after this plate adjustment that can be seen in carbonate depositional systems (Hull, 2000) .
REVIEW OF OVERPRESSURE MECHANISMS
Overpressure occurs when the pore pressure within sediment is greater than the hydrostatic value. Yassir (1997) has classified sources of overpressure into three geomechanical categories: a) rapid sedimentary loading (disequilibrium compaction or undercompaction), b) fluid source at depth (aquathermal expansion, clay dehydration, osmosis in shales, smectite-illite transformation, mineral reactions, hydrological mechanisms and hydrocarbon generation/transformation); and c) tectonic loading. More detail regarding overpressure mechanisms and the relationship between pore pressure and stress can be found in Mouchet and Mitchell (1989) and Yassir, Addis and Hennig (1998) . Osborne and Swarbrick (1997) and Swarbrick and Hillis (1999) have reviewed many of the overpressure mechanisms proposed in the literature. They found disequilibrium compaction to be the dominant cause of overpressure in most extensional basins. It involves part of the vertical stress being taken up by the pore fluid as a result of incomplete dewatering during burial. Of the other mechanisms, Osbourne and Swarbrick's (1997) calculations suggested that only tectonic shearing, gas generation and hydrological head due to elevated recharge areas were likely to be significant. Lack of topographic relief indicates hydrological head can be ruled out as a source of major overpressuring in the Northern Carnarvon Basin. McGilvery, 1996; Boote and Kirk, 1988) .
Overpressure mechanisms proposed for the Northern Carnarvon Basin are shown in Table 1 . The mechanisms range from disequilibrium compaction, hydrocarbon generation, clay mineral dewatering and horizontal stress. More recent authors have tended to propose disequilibrium compaction as the dominant mechanism. However, little published work has been done to examine the occurrence of overpressure and its associated wireline log response in order to constrain overpressure mechanisms.
METHODS AND DATABASE
A study of 400 well completion reports available through the Department of Minerals and Energy was made. Those wells with mud weight greater than 1.25 S.G. were selected for further study. Wells with these values are generally considered to be significantly overpressured at the time of drilling (Horstmann, 1988) . The reliability of mud weights as an indicator of overpressure has been investigated by van Ruth et al (2000) by comparison with direct pressure measurements (drill stem tests, and wireline formation interval tests). On average, mud pressure was 3.5 MPa greater than the direct pressure measurements. Mud pressure data were used to identify the rock as either overpressured or normally pressured, and found to match 90% of wireline interval formation tests, and 81% of drill stem tests. Hence, mud weights are a reasonable indicator of overpressure in permeable formations where the direct pressure measurements were undertaken. However, in impermeable formations, direct pressure measurements are unreliable if available, and mud weights may therefore not be accurately reflecting pore pressure.
Whilst a considerable number of well completion reports were examined, the list of overpressured wells should be considered representative rather than comprehensive. The distribution of overpressured wells was mapped and the depth and stratigraphic distribution of kicks, mud weights and pressure data were also plotted. Mud weight-depth profiles were categorised.
A subset of the wells with mud weights >1.25 S.G. were selected for pressure depth profiles and more detailed * mKB or mRT; OP = Overpressure; E = Early; L = Late; T = Tertiary; K = Cretaceous; J= Jurassic; Tr = Triassic Data sources: well completion reports, Yassir (1996) and Zaunbrecher (1994).
wireline log study. Since Yassir (1996) had constructed depth/pressure plots and investigated the drilling history of a significant proportion of Dampier Sub-basin overpressured wells, a representative selection of Barrow Sub-basin wells were selected for more detailed analysis. Pressure data from repeat formation tester (RFTs), drill stem tests (DSTs), production tests (PTs), leak off tests (LOTs) and mud weight are plotted against true vertical depth along with stratigraphic and lithology information. The log response (DT, RHOB and NPHI) of overpressured clay-rich strata was investigated to constrain the type of overpressure mechanism. A normal compaction log trend for each wireline log was derived for four stratigraphic groupings: Muderong Shale, Barrow Group, Jurassic and Triassic. Wells used for the normal compaction trends had mud weights less than 1.25 S.G. and/or pressure test data indicating that the well was normally pressured. The sonic, density and neutron porosity logs were despiked and smoothed prior to plotting. Sonic, density and neutron porosity log values were taken for a gamma ray condition of >90 API to limit the log values to finer grained clay-rich sequences. To minimise bad hole effects on the density and neutron porosity logs, values were only accepted if a DRHO condition of between +0.05 g/cm 3 and -0.05 g/cm 3 was satisfied. 
RESULTS

Overpressure distribution
Wells with mud weights of >1.25 S.G. are shown in Table 2 and are plotted in Figure 4 . The high mud weight wells fall in a general trend that runs offshore from the North West Cape up through Jurabi-1 along the Alpha Arch and Rankin Trend (Figs 3, 5) . A smaller number of wells fall landward (e.g., Bambra-1, Barrow Deep-1, S. Pepper-1; Legendre-1 and Lewis-1a) and seaward (e.g.Resolution-1, Zeepaard-1) of the first group. Figure 5 shows the smaller subset of wells that received kicks (fluid influxes into the borehole). The age of the overpressured strata and mud weights needed to kill the well are listed in Table 3 . Comparing Figure 4 and 5, there is a similar pattern of overpressured wells, except for the Legendre Trend and Rosemary wells where no kicks or direct pressure measurements support overpressure, but mud weights >1.25 S.G. have been used. Yassir (1996) identified that some wells (e.g. Rosemary-1) in the Dampier Sub-basin have been drilled with high mud weight in the Cretaceous section because of borehole instability (sticking, sloughing etc) which was confused with overpressure (Addis et al, 1997). Bowers-1 is an example of this in the Barrow Sub-basin.
The depth of the kicks is mostly greater than 3,000 mbsl. The shallower kicks between 2,500 and 3,000 mbsl tend to occur along the Rankin Trend and Alpha Arch (Fig. 1 [1998] ). Table 2 shows the depth and pressure information for wells with mud weights greater than 1.25 S.G. Mud weight typically overestimates pore pressure by 3.5 MPa (Van Ruth et al, 2000) and there are several factors which have not been normalised within the dataset such as differences in year of drilling and accompanying technology, and driller and operator philosophy. However, the mud weight data give good coverage throughout the drilled interval and so are useful for regional comparison. The depth to top of overpressure (based on mud weight) is shown in Figure 7a . Most of the wells have the onset of mud weights >1.25 S.G. (= Top OP in Table  2 ) between 2,000 and 3,000 mbsl. For comparison, Figure 7b shows depth to top of overpressure based on first occurrence of direct pressure measurements indicating a gradient of 11 MPa/km or greater. The estimated depth ranges from 2,500 to 3,500 mbsl. The direct pressure data comes from a different commercial dataset with approximately 200 wells and the names of most wells cannot be shown for confidentiality reasons. Both data sets give a similar regional distribution of overpressured wells. An exception to this trend is that direct pressure measurements show no overpressured wells in the vicinity of the Legendre and Rosemary Trends, as mentioned earlier with reference to the kick data in Figure 5 .
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Figures 7a and b illustrate how mud weight is typically raised above 1.25 S.G. much shallower than the depth indicated by the first overpressured direct pressure measurement. Mud weight is raised higher than 1.25 S.G. approximately 1,000 m shallower than the depth indicated by the first direct pressure measurement (Fig. 7b) . The depth to top overpressure for a given well would lie between the estimates given by mud weight and direct pressure measurement. Although underestimating the depth to top overpressure, mud weight should give a better estimate than pressure measurements which are mainly limited to deeper permeable target horizons. The depth to the top of overpressure indicated by mud weight is responding to pore pressure estimates prior to drilling which influence casing design and overpressure indicators whilst drilling such as kicks, trip gas, cuttings shape and drilling exponent. 
Pressure-depth profiles
An important factor regarding mud weight is that the variation down the borehole can be plotted to approximate the pore pressure profile with depth. Where enough information was available, the MW-depth profile of wells with MWs >1.25 S.G. was classified. Four classifications of pore pressure profiles were defined from mud weight profiles and other pressure data (Fig. 9) .
The four profiles are: 1. a gradual increase in pressure from hydrostatic with depth; 2. an abrupt increase in pressure from hydrostatic with depth; 3. an overpressure zone where pressure rises above hydrostatic and then falls back to hydrostatic values deeper down; and 4. two overpressured zones with a normally pressured zone in between. Figure 10 illustrates how different regions have different pressure profiles that reflect changes in the stratigraphy, which are in turn related to differences in tectonic history. In the southern part of the study area in the Barrow Sub-basin and Exmouth Sub-basins, the pressure depth profiles are predominantly Type 1 and 2, compared with the Dampier Sub-basin where the dominant pressure profiles are the more complex Types 3 and 4. The major reason for the increased complexity in the Dampier Sub-basin is commonly related to the presence of hydrostatically pressured sands in the upper Jurassic (Fig. 3) as described in Vear (1998) . Some Type 3 profiles along the Alpha Arch and Rankin Trends are related to decreases in pore pressure within the Triassic Mungaroo Formation (e.g. Wilcox-1 and -2; Vear [1998] ) which can be over-or normally pressured.
PORE PRESSURE EXAMPLES FROM THE BARROW SUB-BASIN
Excluding a fault-related overpressure occurrence in the Muderong Shale (Venture-1/ST1), within the Barrow Sub-basin there are three groups of potentially highly overpressured strata (MW >1.5 S.G.): Triassic, Jurassic and Barrow Group. Examples from each group are given in the next section; examples from the Dampier Sub-basin can be found in Yassir (1996) and Vear (1998) .
WEST TRYAL ROCKS-3
West Tryal Rocks-3 is located on the Alpha Arch (Figs 4, 11) and is an example of a Type 1 pressure profile. Figure 12 shows the pressure data for West Tryal Rocks-3. The mud weight was raised when drilling through the Cretaceous section (mud weight >1.25 below 2,200 m) and then dropped back slightly when the Triassic was penetrated. Pressure measurements indicate that the top of the Triassic is close to hydrostatic pressure, but then overpressure starts to build with depth. This pat- tern of increasing pore pressure in the Triassic is similar to that expected for vertical stress-induced overpressure as described by Swarbrick and Hillis (1999) . There is no information as to the specific reason for the increase in mud weight in the Cretaceous section from overpressure indicators while drilling or pressure test data. It is a dominantly fine-grained section which is likely to be overpressured as is discussed later.
MINDEN-1
Minden-1 has a Type 2 pressure profile with a rapid pressure increase (Fig. 13) . Mud weight was increased to 1.25 by 2,897 mbsl, but there was little indication of overpressure. Mud weight was further increased to 1.3 S.G. to increase borehole stability. However, pressure rapidly increased within the lower part of the Barrow Group (Malouet Formation) and two kicks occurred. High pressure was confirmed by RFT measurement. The sands that are overpressured were interpreted to be turbidites (WCR; McGilvery, 1996; Kraishan and Liu, 1998) enclosed by finer grained delta slope sediments. A schematic example of the Barrow Delta is shown in Figure 11 . Such sands are likely to be isolated and overpressured if the surrounding fine-grained sediments are overpressured.
BARROW DEEP-1
Barrow Deep-1 is another Type 2 well with high pressures developed in the Jurassic at reasonably shallow depths (Figs 2 and 14) . The Jurassic contains the major source intervals in the Northern Carnarvon Basin (Scott, 1992) and is thermally mature enough to produce gas Figure 10 . Depth-pressure profile based upon mud weight. (Kaiko and Tingate, 1996) . There is a transition zone from approximately 2,500 to 3,400 mbsl from hydrostatic to pressures requiring a mud weight of 1.8-1.9 S.G. which are confirmed by pressure test data. The increase in pore pressure in West Tryal Rocks-3, Minden-1 and Barrow Deep-1 has a significant effect on the acoustic properties of the rock causing the sonic transit time to increase in the overpressured intervals.
DISCUSSION
Summary of overpressure characteristics
Prior to discussing overpressure mechanisms, it is useful to summarise the main features of the possible overpressured strata in the Barrow and Dampier Sub- 
Barrow-Dampier overpressure mechanisms
The distribution of overpressure in Barrow and Dampier Sub-basins is consistent with Tertiary burial contributing to overpressure occurrence. Significant Tertiary burial (~1.5 -2.5 km) has occurred over much of the Dampier and Barrow Sub-basins, particularly along their western edges (Figs 2, 11 and 15) . This burial is likely to be a factor (along with the presence of low permeability fine grained sediment) in the distribution of overpressured wells (Fig. 4) . The western parts of the Barrow and Dampier Sub-basins are similar in their burial history style to overpressured wells in the North Figure 11 . Seismic cross-section, West Tryal Rocks-3. Line of section shown in Figure 4 . Sea related to Tertiary loading (Darby et al, 1998) . Tertiary burial is minor along the Barrow Island Trend and in the vicinity of Jurabi-1 and so cannot be linked to overpressure in that region.
Although overpressure in many wells appears to be related to Tertiary burial, it does not indicate which mechanisms are active. The Muderong Shale, lower Barrow Group, Dingo Formation and Mungaroo Formation all have some source rock potential (Scott, 1992) and are capable of generating hydrocarbons, in particular gas, and, thus, contribute to overpressure (Russell, 1998; Vear, 1998) However, the presence of overpressure in Late Cretaceous non-source rocks (Table 2) indicates that at least one mechanism other than hydrocarbon generation is active. In some cases (e.g. West Tryal Rocks-3) the pressure profile suggests that undercompaction is the main mechanism, but often well pressure profiles do not have suitable densities of pressure measurements or suitable homogeneous lithologies to infer overpressure mechanism as described in Swarbrick and Osborne (1996) .
The log response (DT, RHOB and NPHI) of overpressured clay-rich strata has been investigated to help constrain the type of overpressure mechanism. If undercompaction is a major overpressure mechanism then an increase in sonic transit time should be observed along with accompanying elevated porosity (compared to normally pressured reference wells). If gas generation or another mechanism is active then an increase in sonic transit time would also be expected, but would not be accompanied by a significant increase in porosity (Hermanrud et al, 1998) .
Normally pressured log trends have been derived for mudrocks (gamma ray log >90) in four stratigraphic groupings: Muderong Shale, Barrow Group, Jurassic and Triassic. Wells used to construct the normal trends (Fig. 16) had mud weights less than 1.25 S.G. and/or pressure test data indicating that the well was normally pressured. Construction of the normal trends assumes that the original lithology for the stratigraphic groupings was homogeneous over the study area and that the wells defining the compaction trend are at, or close to, maximum burial since deposition. Most of the wells chosen defined reasonably smooth compaction trends except for Chervil-1 which appears to be over-compacted (Table 5) suggesting that it is not at maximum burial since deposition and has undergone erosion. Figure 17 shows the sonic log trend for normally pressured wells in the Muderong Shale. A well defined trend occurs for most of the shallow wells. Although Ramilles-1, Scindian-1 and Gorgon-1 have measured pressure values close to hydrostatic lower down the well, the slow sonic transit times suggest that some overpressure is present in the Muderong Shale. A kick occurred in the Barrow Group while drilling Gorgon-1 which indicates that mild overpressure is present deeper in the well. Figure 18 illustrates sonic trends for overpressured wells (Georgette-1 and Orpheus-1 are normally pressured wells shown for reference). Figure 18 shows that the clay-rich sequences at greater than 2 km depth have sonic log responses suggesting they are overpressured. Unlike the other wells, West Tryal Rocks-3 shows more variation in sonic response which is likely to be related to clay mineralogy. Figure 19 shows the sonic trend within West Tryal Rocks-3 and variation in mineralogy derived from bulk XRD samples (Table 4) . A positive correlation exists between smectite content and sonic transit time. Figure 19 and Table 4 illustrate the difference in clay composition between formations in the Barrow Sub-basin and the importance of defining compaction trends on sequences with the same original clay mineral composition.
It is clear that there are original differences in clay mineralogy between formations and also differences resulting from changes in thermal history since deposition which have caused reaction of smectite progressively to illite. Pressure effects are superimposed on these mineralogical variations. The sonic log signature down through the Muderong Shale in Figure 19 (Table 1 ) and the Mungaroo Formation is likely to have formed a good drainage boundary in the past, allowing downward directed dewatering of the Muderong Shale, thus enhancing compaction.
Further work is needed to establish that the sequences used to build the normal compaction trends have mineralogies similar to those in the wells in the Table 4 . The dominant mineralogy in the mudrocks will also be of critical importance in determining the vertical permeabilities of the shale sequences.
The wireline log responses of overpressured wells were compared with the reference trends (Table 5) . Wells which plot to the left of the reference trend are labelled 'l' and those plot to the right are labelled 'r'. All overpressure occurrences were accompanied by an increase in sonic transit time. Assuming that the well log response is dominated by porosity variations, if wells plotted to the left of the density and neutron porosity trends then it is likely that increased porosity (relative to normally compacted wells) is associated with the overpressure and undercompaction is a probable mechanism. Not all wells have suitable log data for evaluation, but all stratigraphic groups show some evidence of reduction in porosity loss associated with overpressure (Table 5) consistent with disequillibrium compaction as a dominant mechanism.
Another factor to be considered in the sonic data trends (Table 5) is that most of the fine grained sequences from the western part of the Barrow Sub-basin below 2 km depth indicate overpressure is present, even when low mudweights or direct pressure measurements from sandstones elsewhere within the same well indicate normal pressures (e.g, Malus-1, Bluebell-1, Gorgon-1). Ryan-Grigor and Griffiths (1996) noted low velocities associated with the Early Cretaceous shales in the Kendrew Terrace, Dampier Sub-basin.
Overpressures in the Barrow Group in Minden-1 and the Jurassic section within Zeepaard-1 do not have accompanying elevated porosity indicators suggesting, a different overpressure mechanism is needed. Some form of fluid expansion mechanism such as gas generation would be consistent with the log response.
Although the log results presented here provide positive evidence for undercompaction as a mechanism in may wells, other sources of overpressure cannot be ruled out. Gas generation (Russell, 1998) and horizontal stress (Swarbrick and Hillis, 1999) have also been suggested as an additional mechanism for overpressure generation for the Barrow and Dampier Sub-basins.
PORE PRESSURE PREDICTION
To predict pore pressure away from areas with good well control, it is necessary to: a) use seismic methods and/or; b) undertake 2D or 3D geological modelling. In either case, the prediction methods will need to be calibrated against wells with good wireline log and pressure data. The results presented in this study are aimed at providing some basic information for such studies.
Examination of seven synthetic seismograms from some overpressured wells (Bambra-1, Bowers-1, Gorgon-1, Errors are estimated to be < ±2%. Jurabi-1, Spar-1 and West Muiron-2; in Polomka, 1995) . The change in acoustic impedance associated with overpressure appears to be less than that related to normal lithology contrast in the sub-basin and so directly imaging overpressure-related reflections is likely to be difficult. However, the strong wireline sonic response of overpressure is also expressed in the seismic velocities and should be able to be detected. An example from the vicinity of Barrow Island exhibits locally low interval velocities which correlate with the overpressured Jurassic section (Fig. 20) . If pore pressure effects are influencing interval velocities then there is considerable potential for predicting pore pressure via more sophisticated seismic techniques. Identification of active mechanisms is necessary prior to creating geological models of pore pressure. This study has also stressed the importance of calibrating the clay mineralogy of the fine-grained sections within the model as this will have a large impact on permeability and mechanical behaviour. Apart from some preliminary 1D modelling carried out by Russell (1998) , the main work on pore pressure modelling has been carried out by Vear (1998) . Vear conducted 2D modelling using Temispak and found that both compaction disequilibrium and gas generation were important contributors to overpressure. Models were highly sensitive to the connectivity of the various reservoir horizons and to the source rock behaviour, permeability and compaction algorithms.
Stress and pore pressure are linked and so an understanding of the regional stress conditions and history are also important for understanding pore pressure (Yassir et al, 1998; Swarbrick and Hillis, 1999) .
CONCLUSIONS AND RECOMMENDATIONS
Overpressures occur in rocks over 2 kms depth from Late Triassic to Late Cretaceous age on the western margins of the Barrow and Dampier Sub-basins. Overpressures are associated with thick accumulations of low-permeability, fine grained sediment and are often associated with Tertiary burial.
Near the western margin of the Barrow Sub-basin, clayrich sequences at greater than 2 km depth have log responses, suggesting they are overpressured, even when 588-APPEA JOURNAL 2001 direct pressure measurements from sandstones within the same well indicate normal pressures.
Clay mineralogy associated with mudrocks is variable and needs to be taken into account for permeability, mechanical calculations and log response.
Each stratigraphic group exhibiting overpressure shows some evidence of reduced porosity decrease associated with overpressure consistent with disequillibrium compaction as a dominant mechanism.
Predicting pore pressure in the Barrow Sub-basin is dependent on the data quality within the basin (pressure test, log and seismic data). Further work can be done to improve mapping of the known occurrence of overpressure within the sub-basin. Such work would involve integrating log response, mud pressure and direct pressure information.
More work also needs to be done to quantify the log response of overpressured intervals to constrain overpressure mechanisms and also to determine depositional controls on overpressured reservoir and mudrock distribution. Sensitivity testing should also be carried out on mineralogy, compaction and permeability algorithms for modelling. are industry sponsors. The original data upon which Figure 7b is based are owned by IHS Energy Group. Alan Wrightstone compiled much of the basic well data used in this study. Figure 4 . The schematic horizons shown are modified from Polomka (1995) . Intervals velocities at shotpoint 1800 decrease through the overpressured Jurassic section. A similar effect occurs in the lower Barrow Group at shotpoint 200. This interval is overpressured in Spar-1.
